A three-year sediment trap experiment to study the production and flux of planktonic foraminifera was conducted in the Cariaco Basin, Venezuela, between January, 1997, and December, 1999. The results allow direct comparison between planktonic foraminiferal flux and assemblage composition, and the climatology and hydrography of the region on seasonal and interannual time scales. The Cariaco Basin is located on the northern continental shelf of Venezuela in a region characterized by intense upwelling due to the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ) and associated variations in tradewind intensity. Hydrographic observations indicate that coastal upwelling occurs during the late winter-spring at which time sea surface temperatures are lowest (ϳ22؇C) and primary productivity is high. Immediately following maximum primary production the total flux of planktonic foraminifera increases from less than 100 shells m Ϫ2 day Ϫ1 to 4000-8000 shells m Ϫ2 day Ϫ1 . Approximately half of the total annual flux is produced during this period (February-May). Nine species, or varieties, of planktonic foraminifera constitute Ͼ85% of the assemblages: Orbulina universa, Globigerinoides ruber (pink and white varieties), Globigerina bulloides, Globigerina quinqueloba, Neogloboquadrina dutertrei, Globorotalia crassaformis, Globorotalia menardii, and Globigerinita glutinata. These species are present year-round; however, their flux and contribution to the population vary seasonally and interannually. The peak annual flux of all nine species occurs during spring upwelling. However, Globigerina bulloides is dominant during this period, with values reaching ϳ4000 shells m Ϫ2 d Ϫ1 , or 50 to 75% of the total flux during upwelling. Sea surface temperatures were estimated for both sediment trap and core-top assemblages using the Modern Analog Technique (MAT) and compared with conductivity-temperature-depth (CTD) data to evaluate the accuracy of this method for reconstructing paleotemperatures in Cariaco Basin. The assemblage temperature estimates are within ϳ1-3؇C of the measured temperatures.
INTRODUCTION
One of the primary goals of paleoceanography is the reconstruction of past climates based on the examination of deep-sea sediments. The accuracy of reconstructions of past environmental conditions, including temperature and productivity of the ocean, is dependent largely on the reliability of proxies present in sediments (Wefer and others, 1999) . To make optimal use of the information derived from the 1 Corresponding author. Email: thunell@geol.sc.edu sediment record it is necessary to calibrate sedimentary properties to current oceanographic and biological conditions by mapping modern mass fluxes of carbonate, opal, organic carbon, terrigenous material, microfossil contents, and elemental and isotopic compositions (Wefer and others, 1999) .
Quantitative studies of microfossil assemblage composition and shell chemistry have played a major role in our understanding of paleoenvironmental changes in the world's oceans (CLIMAP, 1976; Ruddiman 1985) . The oxygen isotopic composition of planktonic foraminiferal calcite is widely regarded as an indicator of both global ice volume and temperature (Shackleton, 1967; Chappell and Shackleton, 1986; Labeyrie and others, 1987; Mix, 1987) , while the species composition of the assemblage is an indicator of local environmental parameters such as sea surface temperature, salinity, and productivity (Bé, 1959; 1960; Bé and Tolderlund, 1971; Prell and Curry, 1981; Kroon, 1990) . Imbrie and Kipp (1971) introduced factor regression to micropaleontology in the first comprehensive attempt to utilize species abundance data to estimate paleotemperatures. They demonstrated that assemblages of planktonic foraminifera could be used to quantitatively estimate paleotemperatures with the basic assumption that the ecological preferences of modern planktonic foraminifera remained virtually unchanged during the Pleistocene. CLIMAP (Climate Long-Range Mapping and Prediction, 1976; used the transfer function approach of Imbrie and Kipp (1971) to provide the first large-scale maps of sea surface temperatures during the Last Glacial Maximum based on fossil assemblages of planktonic foraminifera retrieved from the seafloor. An alternative method, the Modern Analog Technique (MAT) was introduced by Hutson (1980) and further developed by Prell (1985) and Howard and Prell (1992) . The MAT method estimates SST directly from statistical differences in fossil assemblages and their related environmental parameters.
Laboratory cultures, plankton tows, and sediment trap experiments have contributed to the study of planktonic foraminiferal ecology. Laboratory culturing has examined effects of various environmental parameters on the growth, development, morphology, and chemistry of the shell under carefully controlled conditions (Bé and Anderson, 1976; Bé and others, 1977, 1982; others, 1978, 1979; others, 1990, 1998; Lea, 1993, 1996; Spero and others, 1997) . Plankton tows have been used to understand vertical and seasonal distribution patterns of planktonic foraminifera (Miro, 1971; Fairbanks and Weibe, 1980; Fairbanks and others, 1982; Bé and others, 1985; Kemle-von Mücke and Oberhänsli, 1999) .
Sediment trap studies have demonstrated that particle sedimentation in the oceans is highly episodic and is often related to biological processes in surface waters (Deuser and others, 1981; Thunell and Honjo, 1987; Curry and others 1983; others, 1983, 1995; Deuser, 1987; Sautter and Thunell, 1991; Thunell and Sautter, 1992; Wefer and Fischer, 1993; Thunell, 1998a; 1998b) . Seasonal and interannual variability in planktonic foraminiferal populations provide information regarding changes in upper ocean hydrographic conditions such as salinity, productivity, and the thermal structure of the water column. These studies are extremely valuable because the data can be compared directly with concurrent hydrographic and climatic data, the samples are free of dissolution, and planktonic foraminifera collected in the traps closely reflect the assemblages at the sea surface (Ortiz and Mix, 1997; Kincaid and others, 2000) .
The Cariaco Basin, Venezuela, is an anoxic marine basin characterized by high primary production and sediment accumulation rates, well-preserved fossil assemblages, and laminated sediments making it an ideal site for high-resolution studies of past climate (Kipp and Towner, 1975; Overpeck and others, 1989; others, 1991, 2000; Lin, 1992; others, 1996, 1998; Lin and others, 1997; Black, 1998; Black and others, 1999) . In this paper we compare planktonic foraminiferal flux data derived from bi-weekly sediment trap samples with concurrent hydrographic measurements from the Cariaco Basin for a threeyear period (January, 1997 -December, 1999 . We also present biogenic opal fluxes as a proxy for diatom production in order to compare the relationship between phytoplankton and foraminiferal production.
REGIONAL SETTING
The Cariaco Basin covers an area of approximately 10 4 km 2 and is one of the world's largest anoxic marine basins. It is located within the tradewind belt on the northern continental shelf of Venezuela (Figure 1 ). The basin is 160 km long and 50 km wide and divided into two sub-basins, each with a maximum depth of about 1400 meters and separated by a saddle at 900 meters water depth.
The Cariaco Basin is oriented zonally and separated from the Caribbean to the north by a sill with a depth of about 150 meters. Waters above the sill depth exchange freely with Caribbean surface waters while waters below are poorly ventilated. Vertical exchange within the basin is also restricted due to the strong pycnocline below the mixed layer at about 100 meters water depth (Scranton and others, 1987) . Because both horizontal and vertical mixing are limited, dissolved oxygen, which is utilized during respiration, is not replenished rapidly enough to the Cariaco Basin deep waters, resulting in anoxia below about 275 meters (Deuser, 1973; Richards, 1975) .
Surface currents feeding into the eastern Caribbean originate in the North Equatorial and Guyana Current systems (Gordon, 1967) . These currents combine and enter the Caribbean Sea through the passages between the islands of the Lesser Antilles. Surface circulation is dominated by the general east-west flow of the Caribbean current, which carries the equatorial Atlantic water into the Gulf of Mexico (Katzm, 1987) . Caribbean Surface Water flows into the Cariaco Basin between Cabo Codera and the Tortuga Bank in the west and between Tortuga, Margarita Island, and the Araya Peninsula at the eastern end of the basin (Richards and Vaccaro, 1956; Maloney, 1966) .
Input from the Manzanares, Neveri, Unare, and Tuy rivers varies seasonally, resulting in decreased salinities and increased nutrient concentrations in the Cariaco Basin, and are probably a major source of terrigenous sediment to the basin today. Water from the Amazon and Orinoco Rivers may be transported by the North Equatorial and Guyana currents (Froelich and others, 1978) into the Caribbean but are thought to have little influence on the hydrography of the Cariaco Basin (Muller-Karger and others, 1989; Muller-Karger and Varela, 1990) .
The Cariaco region undergoes strong seasonal and interannual changes in upper ocean conditions due to the migration of the Inter-Tropical Convergence Zone about the equator and the periodic occurrence of the El Niño/Southern Oscillation (ENSO). The ITCZ is in its most southerly position during the winter and spring, at which time rainfall is at a minimum and strong easterly winds cause intense upwelling FIGURE 2. A) Vector plot of wind speed and direction, B) wind velocity (with 5-point running mean), and C) monthly precipitation data from Margarita Island, Venezuela, for January 1997-December 1999 (data from F. Muller-Karger and R. Bohrer, University of South Florida).
along the Venezuelan coast. During summer and early fall, the ITCZ migrates to the north, the tradewinds diminish, and upwelling ceases. ENSO is associated with abnormal patterns of rainfall over the tropics and a weakening of the tradewinds (www.cpc.ncep.noaa.gov).
Seasonal variations in sediment input between dry, upwelling conditions and rainy, non-upwelling conditions result in the annual deposition of a light colored, planktonrich layer followed by a darker, terrigenous grain-rich layer (Overpeck and others, 1989; Peterson and others, 1991; Hughen and others, 1996) . These laminated sediments are providing a wealth of information about past climate change in the tropics. Hughen and others (1996) have shown that variability in laminae thickness and color in anoxic sediments of the Cariaco Basin is nearly identical to the pattern of ␦ 18 O variability in the GRIP ice core from Greenland at decadal-scale resolution. This indicates an essentially synchronous response to climate forcing, possibly via an atmospheric mechanism such as stronger tradewinds during colder intervals in the North Atlantic (Hughen and others, 1996) . Black et al. (1999) analyzed the past several centuries of varves in the Cariaco Basin and found a strong correlation between sea surface temperature, tradewind intensity, and foraminiferal abundance. Sediment color reflectance and major element chemistry from ODP Site 1002 are strongly correlated with the GISP II oxygen isotope record (Peterson and others, 2000) . High Fe and Ti content in Cariaco sediments during the warm interstadials of the last glacial indicate an increase in terrigenous input to the basin due to higher precipitation and runoff. Such changes in the hydrologic cycle of the tropical Atlantic have the potential for greater moisture export from the Atlantic to the Pacific, which could have affected the salinity balance of the Atlantic and increased thermohaline heat transport to high latitudes (Peterson and others, 2000) .
MATERIALS AND METHODS
An array of four automated sediment traps, located at 10Њ 30Љ N and 65Њ 31Љ W and 1400 meters water depth, was deployed in November, 1995, as part of an ongoing project to study the relationship between near surface processes and sediment production (Muller-Karger and others, 2001) in the Cariaco Basin. The traps are located at approximately 275, 455, 930 and 1255 meters water depth, with the uppermost trap being positioned just above the oxic/anoxic interface. Each trap sample represents a two-week collection period and the traps are recovered and re-deployed every six months. Each cup contains a buffered formalin solution to poison and preserve the sample. The sediment trap samples were split using a precision rotary splitter and then stored in buffered (sodium borate) deionized water and refrigerated. A quarter split was used for various geochemical analyses, including biogenic opaline silica content. The concentration of biogenic silica was determined for each sample according to the wet chemical leaching technique developed by Mortlock and Froelich (1989) and measured spectrophotometrically. Planktonic foraminiferal analyses were conducted on 1/16th splits of the total material. The samples were wet sieved over a 125 m screen. All planktonic foraminifera were wet-picked and identified. The species counts are reported as number of shells m Ϫ2 day Ϫ1 . Surface sediments were recovered from 10Њ 51Љ N and 64Њ 44Љ W in 190 meters water depth using a Hedrick/Marrs Multi-Corer (MC-400) designed to retrieve cores with an intact sediment-water interface. A portion of the sample from 0-0.5 cm depth in the core was freeze-dried and sieved over a 125 m screen. The sample was split to approximately 350 individual planktonic foraminifera, which were identified and counted.
Monthly cruises were made to the location of the sediment trap mooring to collect hydrographic (conductivitytemperature-depth) and water chemistry data. Seawater samples were collected with a SeaBird rosette equipped with twelve 8-liter Niskin bottles. Primary productivity observations were made on samples from eight depths (1, 7, 15, 25, 35, 55, 75 , 100 meters) using a modified Steeman Nielsen (1952) Na 14 CO 3 uptake assay and described in detail in Muller-Karger and others (2001) .
RESULTS

CLIMATOLOGY AND HYDROGRAPHY
The climatology of the region is driven primarily by the position of the ITCZ and associated variations in the intensity of the northeast tradewinds. A vector plot of the wind speed and direction at Margarita Island for January, 1997 , through December, 1999 , is presented in Figure 2A . A gap in measurements during June, 1997, was filled with an average of daily June winds for 1994-99 (Muller-Karger, oral communication) . Easterly winds predominate throughout the year (Figure 2A ). However, a strong seasonal signal in wind velocity is observed with values ranging from 2 m s Ϫ1 during fall and early winter to 10 m s Ϫ1 during late winter and spring ( Figure 2B ). Our data also suggest that there was a decrease in wind speed and an increase in the variability of both velocity and direction over the course of the study. In particular, wind speeds were lowest during the last six months of 1999 and frequently were westerly during this period. Monthly precipitation data from Margarita Island shows that rainfall during summer and fall is usually higher (20-40 mm day Ϫ1 ) than during the winter and spring ( Figure  2C ). This coincides with the migration of the ITCZ to the north and the weakening of the tradewinds. In contrast, precipitation is minimal during upwelling. Total annual precipitation was 256 mm y Ϫ1 for 1997, 261 mm y Ϫ1 for 1998, and 665 mm y Ϫ1 for 1999. The anomalously high value for 1999 is due to excessive rainfall during November and December (ϳ350 mm), with daily rainfall amounts exceeding 40 mm day Ϫ1 in some cases. Sea surface temperature (SST) and salinity data are derived from monthly CTD casts taken at the location of the sediment trap mooring. Sea surface temperatures in the basin have an annual range of about 7ЊC, from about 22ЊC to 29ЊC (Table 1; Figure 3A) . Salinity values range annually from about 36.2 to 37 ‰. Minimum temperatures and maximum salinities occur during the winter and spring when precipitation is generally low and upwelling is intense. Conversely, high SST and low salinities are associated with the summer-fall rainy period.
Temperature variations for the upper 200 meters clearly illustrate the strong regional upwelling that occurs during the late winter and early spring (Figure 4 ). Minimum SSTS were observed in March of 1997 and 1998 and February of 1999 (Table 1; Figure 5 ). Stratification of the upper water column increases in the late summer and fall as a strong thermocline develops ( Figure 4B ). Sea surface temperatures reach maximum values in September and October. By December, the mixed layer is 25-50 meters deep and SSTS begin to decrease.
Interannual variability of the ocean and atmosphere in the tropics is dominated by the El Niño-Southern Oscillation (ENSO). ENSO is a coupled ocean-atmosphere phenomenon that influences weather patterns throughout the world. It is associated with abnormally dry conditions during the winter in Central America and northern South America and a weakening of the tradewinds resulting in a decrease in coastal upwelling (www.cpc.ncep.noaa.gov). An event, comparable in magnitude and extent to the 1982-83 ENSO, began in March, 1997, and persisted until June, 1998. Measurements taken over the three-year period of this study show a steady decrease in wind velocities reaching minimum values in 1999, following the termination of ENSO (Figure 2 ). These observations are in agreement with work by Enfield and Mayer (1997) on tropical Atlantic SST anomalies related to ENSO. These researchers found that as the warm phase of ENSO culminates around DecemberJanuary in the equatorial Pacific, wind speeds begin to decrease over the region of the NE trade winds from NW Africa to the Caribbean (Enfield and Mayer, 1997) . This induces a positive SST anomaly that lasts for several months, resulting in a warming of the tropical Atlantic by late spring-early summer, one to two seasons after maximum anomalies in the Pacific (Enfield and Mayer, 1997) .
The decrease in tradewind intensity reported in this study coincides with an increase in sea surface temperatures (Figures 3 and 4) and high precipitation for the Cariaco Basin ( Figure 2 ). Sea surface temperatures increased by ϳ1ЊC between 1997-1999 from 21.7ЊC to 22.7ЊC during upwelling and from 28.5ЊC to 29.2ЊC during the non-upwelling period. In addition to the change in SSTS over the three-year period, there are interannual variations in the thermal structure of the water column ( Figure 4B ). Seasonal temperature profiles for 1998 (March, June, September, December) are quite different from the other two years. During 1998, there was very little difference in the thermal structure of the upper 150 meters during the summer, fall, and winter. In addition, the onset and termination of upwelling was more abrupt in 1998 ( Figure 4) .
By mid-1998, atmospheric and oceanic conditions, such as minimum SSTs and stronger than normal low-level easterlies over the central equatorial Pacific, signaled the onset of La Niña conditions (www.cpc.ncep.noaa.gov). The global scale climatic anomalies associated with La Niña, or cold phase of ENSO, are generally opposite in sign to those seen during El Niño (Diaz and Kiladis, 1992) . During La Niña, wetter than normal conditions are observed during the winter months over northern South America while cooler than normal conditions are observed during the summer. Anom- alously high rainfall, equivalent to the annual precipitation for this region, fell during December, 1999 (Figure 2 ), resulting in a decrease in salinity in the basin. These conditions agree with those predicted for this region.
PRIMARY PRODUCTION AND BIOGENIC SILICA FLUXES
Primary production shows a seasonal cycle driven by variations in tradewind intensity ( Figure 3 ). The velocity of the northeast tradewinds increases in late winter and early spring, resulting in the upwelling of cold, nutrient-rich water and an increase in primary productivity. Primary production nearly tripled with the initiation of upwelling from 582 mgC ruary, 1996 ruary, (Thunell et al., 2000 . Similar changes between upwelling and non-upwelling seasons are seen during 1997-1999. Integrated annual primary production rates were 540 gC m Ϫ2 y Ϫ1 for 1997, 370 gC m Ϫ2 y Ϫ1 for 1998, and 470 gC m Ϫ2 y Ϫ1 during 1999. The decrease in primary productivity for 1998 may be related to a decrease in upwelling due to ENSO. The opal content of marine sediments carries a valuable record of changes in the strengths and locations of surface ocean production (Mortlock and Froelich, 1989) . In the Cariaco Basin, diatoms are the most significant contributors to the overall primary productivity, accounting for over 50% of the total biogenic sediment fluxes during the upwelling period (Thunell and others, 2000) . Changes in primary productivity and biogenic sediment fluxes in this region are a direct response to seasonal changes in the position of the ITCZ (Thunell and others, 2000; Muller-Karger and others, 2001 ). Romero and others (1999) also found that the flux of silica in the tropical Atlantic was strongly coupled with surface production, and atmospheric and oceanic circulation systems related to the tradewinds and the migration of the ITCZ.
Peaks in primary productivity correspond to increases in silica flux during the spring of 1997 and 1998 (Figure 3) . Silica lagged peak primary production by about 2 months in 1999. It is important to note that sediment trap fluxes represent two-week long averages whereas the primary production is measured monthly. Silica flux data are missing for April-May, 1997, and both primary productivity and silica data are missing for May, 1998. The decrease in integrated annual primary production rates during 1998 coincides with a decrease in total annual silica flux. However, total annual silica values continued to decrease over the course of this study while primary production increased.
PLANKTONIC FORAMINIFERAL FLUX
More than 20 species of planktonic foraminifera were identified in the sediment trap samples from the Cariaco Basin. The seasonal and interannual variations in total planktonic foraminiferal flux are related to changes in hydrographic conditions of the overlying surface waters (Figure 3) . During upwelling, when SSTS are low and primary productivity is high, the total flux of planktonic foraminifera reaches values of 4000-8000 shells m Ϫ2 day
Ϫ1
. These values are comparable in magnitude to those reported from other upwelling settings such as the San Pedro Basin (5000 shells m Ϫ2 day Ϫ1 ; Sautter and Thunell, 1991; Thunell and Sautter, 1992) , the Santa Barbara Basin (3000 shells m Ϫ2 day Ϫ1 ; Kincaid and others, 2000), and the Arabian Sea (Ͼ9000 shells m Ϫ2 d Ϫ1 ; Curry and others, 1992) . Maximum planktonic foraminiferal fluxes occurred in May, 1997 , March-April, 1998 , and April-May of 1999, in the Cariaco Basin. Approximately half of the total annual foraminiferal flux is produced during this upwelling period (February-May; Table 2). These are also times of maximum silica fluxes and, presumably, maximum diatom production ( Figure 3 ).
Nine species, or varieties, of planktonic foraminifera are present in the traps throughout the year and make up Ͼ85% of the total assemblage (Table 2; Figure 6 ). Orbulina universa, Globigerinoides ruber (pink and white varieties), Globigerina bulloides, Neogloboquadrina dutertrei, Globorotalia menardii, and Globigerinita glutinata have been used previously in paleoceanographic reconstructions in the Cariaco Basin (Lin, 1992; others, 1991, 2000; Lin and others, 1997; Black, 1998; Black and others, 1999) . The peak annual flux of all nine of these species occurs during upwelling; however, their contribution to the total assemblage varies seasonally. During upwelling, the assemblage is dominated by G. bulloides, with values reaching ϳ4000 shells m Ϫ2 d Ϫ1 and comprising between 50 to 75% of the total assemblage. Globorotalia crassaformis and Globigerina quinqueloba are also important upwelling indicators, although their fluxes are lower (1000-2000 and 500-1000 shells m Ϫ2 d Ϫ1 , respectively) than G. bulloides ( ) of nine planktonic foraminifer species or varieties for January 1997-December 1999. FIGURE 7. Percent contribution to the total planktonic foraminiferal flux of nine species or varieties for January, 1997 -December, 1999 depths of 1000 m, with highest concentrations found at depths shallower than 100 meters (Bé, 1977; Vincent and Berger, 1981; Hemleben and others, 1989; Spero, 1998) . The spatial and temporal distributions of these species are related to various environmental parameters such as temperature, salinity, light, nutrients, and food supply. The vertical distribution of planktonic foraminifera has been determined directly using stratified plankton tows (Fairbanks and others, 1982; Fairbanks and Weibe, 1980) , and inferred from isotope data (Curry and others, 1983; Ravelo and Fairbanks, 1992) . Plankton tow data supply key information for relating planktonic foraminiferal assemblages to environmental conditions (Kemle-von Mücke and Oberhänsli, 1999). They give insight into the relationship between measured hydrographic and biological factors (temperature, salinity, nutrients, oxygen, and light) and improve our knowledge about ecology, life cycle, surface, and vertical distribution in the ocean.
Symbiont-bearing species are limited to the surface euphotic zone for the optimum maintenance of their photosynthetic algae (Bé, 1982) . Symbiont-free species, on the other hand, do not have such a restriction and tend to live in deeper waters. The majority of non-spinose are barren of algal symbionts (Hemleben and others, 1989) . As a result, spinose species live almost exclusively in the upper 50 meters of the water column, while non-spinose species show concentration maxima between 25 and 100 meters, with some occurring below 150 meters (Kemle-von Mücke and Oberhänsli, 1999) . In general, spinose species appear to be predominantly carnivorous, and the non-spinose species predominantly herbivorous (Bé, 1982) .
At least six species of planktonic foraminifera known to contain symbiotic algae have been recovered from the sediment traps in the Cariaco Basin. Orbulina universa and G. ruber live in the photic zone and bear dinoflagellate symbionts. G. quinqueloba also bears symbionts and lives mostly in the photic zone (Hemleben and others, 1989) . Nonspinose species, G. menardii, N. dutertrei, and G. glutinata, live deeper in the water column and possess symbionts, most commonly chrysophytes (Hemleben and others, 1989; Spero, 1998) .
Globigerina bulloides is a transitional-to-polar species that characterizes upwelling zones at all latitudes (Prell and Curry, 1981; Kroon, 1990) . It is found mainly in and above the thermocline in the surface mixed layer (Fairbanks and others, 1982; Hemleben and others, 1989) . The abundance of G. bulloides is controlled primarily by variations in surface-water productivity rather than temperature Reynolds, 1984, Reynolds and Thunell, 1985) . Therefore, the flux and isotopic signal of G. bulloides can be used to trace the upwelling history of the region. In the Cariaco Basin, G. bulloides is the dominant species during upwelling, with values reaching ϳ4000 shells m Ϫ2 d Ϫ1 and comprising between 50-75% of the total flux during this period.
Globigerina quinqueloba is also common in regions with high production such as coastal upwelling zones (Thiede, 1975; Vincent and Berger, 1981; Berger and Herguera, 1992) . Globigerina quinqueloba is small and lives mostly in the photic zone. Its seasonal flux pattern has been shown to be similar to that of G. bulloides, although the magnitude of the fluxes varies (Kincaid and others, 2000) . Black and others (written communication) recently found that the production of G. quinqueloba in Santa Barbara Basin is significantly higher during upwelling periods. In the Cariaco Basin, this species contributes only about 7% to the total annual flux but it accounts for 20-25% of the upwelling assemblage.
Globorotalia crassaformis is a deeper-dwelling species found mainly in low-oxygenated subsurface waters (Kemlevon Mücke and Oberhänsli, 1999) . The optimum depth habitat for G. crassaformis in the Cariaco Basin is between 100-500 meters (Miro, 1971 ) and 100-300 meters in the eastern equatorial Atlantic (Kemle-von Mücke and Oberhänsli, 1999) . In 1997 and 1999, the highest flux and percentage (20-40%) of this species occurred during the latter part of upwelling, as the percentages of G. bulloides and G. quinqueloba decreased. This coincides with a decrease in the dissolved oxygen concentration of subsurface water (Muller-Karger and others, 2001) .
Globorotalia crassaformis constitutes 10-20% of the total annual planktonic foraminiferal flux in the Cariaco Basin (Miro, 1971; Tedesco and others, 1998) and is an important contributor to assemblages. However, previous studies on Pleistocene age sediments from the Cariaco Basin do not report the presence of this species others, 1991, 2000; Lin, 1992; Lin and others, 1997) . Globorotalia crassaformis may have migrated into the basin ϳ800 years ago (D.E. Black, written communication) in response to a change in hydrographic and climatic conditions (Black and others, 1999) Globigerinoides ruber is a subtropical to tropical species that lives in the surface mixed layer and is often used in low latitude paleoceanographic reconstructions (Deuser, 1987; Deuser and Ross, 1989; Niebler and others, 1999) . Globigerina ruber is most abundant in oligotrophic waters (Bé, 1982; Miro, 1971; Fairbanks and others, 1982) . It has a temperature tolerance of between 14-32ЊC (Bijma and others, 1990) and reaches maximum abundance values in regions where salinity is high (Kemle-von Mücke and Oberhänsli, 1999) . The two varieties of G. ruber (pink and white) prefer slightly different habitats and are considered separately in this study. MOCNESS plankton tow results from the western Gulf of Mexico show the depth habitat for G. ruber (white) to be between 0-45 meters, whereas the pink form of G. ruber was recovered in slightly deeper water (25-65 meters; Bé, 1982) .
In the Cariaco Basin, the maximum flux of both varieties of G. ruber occurs during upwelling, although they only reach values up to about 350 shells m Ϫ2 day Ϫ1 (Figure 6 ). The pink and white varieties of G. ruber combined account for less than 10% of the total annual flux. However, G. ruber constitutes 20-30% of the total assemblage when the percentage of G. bulloides is at a minimum and SSTs are beginning to decrease just prior to upwelling (Figure 9 ; Table 3). This observation agrees well with other plankton tow data (Bé, 1960; Tolderlund and Bé, 1971; Miro, 1971; Deuser, 1987) .
The preferred habitat of Neogloboquadrina dutertrei is a well-stratified photic zone, where it lives within the thermocline close to the chlorophyll maximum (Bé and Tolderlund, 1971; Fairbanks and Weibe, 1980; Fairbanks and others, 1982) . Peak abundances of N. dutertrei are found between 25 to 50 meters in the Panama Basin (Fairbanks and others, 1982) and 20 to 100 meters in the eastern equatorial Atlantic (Kemle-von Mücke and Oberhänsli, 1999) . This depth interval is a zone of high primary production and maximum food supply (Fairbanks and others, 1982; Kemle-von Mücke and Oberhänsli, 1999) .
The depth and concentration of the subsurface chlorophyll maximum varies seasonally in the Cariaco Basin (Muller-Karger and others, 2001 ). Values of Ͻ1 mg m Ϫ3 occur during fall-winter, when the depth of the chlorophyll maximum is about 55 meters. During spring upwelling chlorophyll values are highest (3 to 6.5 mg m Ϫ3 ) and the chlorophyll maximum shoals to about 0-25 meters. This coincides with the peak flux of N. dutertrei, as well as the other eight species in this study ( Figure 6 ).
Globigerinita glutinata is most abundant in the upper 50 m but has also been found in high abundances at about 150 meters (Kemle-von Mücke and Oberhänsli, 1999) . Globigerinita glutinata is found in tropical/subtropical to polar surface waters and is the most widely distributed living species. The peak fluxes of G. glutinata are 500-1000 shells m Ϫ2 day
. The single value of Ͼ5000 shells m Ϫ2 day Ϫ1 in 1997 appears to be anomalous when compared with data from 1998 and 1999. Orbulina universa also is widely distributed from the tropics to the subpolar regions. In Cariaco Basin, its maximum flux is 200-400 shells m Ϫ2 day Ϫ1 , which occurs during upwelling. During this period, it contributes less than 10% to the total upwelling assemblage and up to about 6% of the total annual flux. Of particular interest is the identification of surface-dwelling species that represent seasonal extremes in sea surface temperatures. It is widely accepted that G. ruber represents warm temperatures, while G. bulloides is indicative of cooler conditions. Previous work from the Sargasso Sea identified G. ruber (pink) as a surface-dwelling, summer species based on its oxygen isotope record (Deuser, 1987) . Globigerina bulloides also lives at the surface but is rare in summer. Consequently, the isotopic composition of the calcite shells of the two species record significantly different hydrographic conditions (Deuser, 1987) . Miro (1971) examined the spatial and temporal distribution of planktonic foraminifera along the continental margin of Venezuela. Three different environments were studied between the mouth of the Orinoco River and the Gulf of Venezuela, in which periodic observations of the foraminifera and hydrographic conditions were made. The planktonic foraminifera were grouped into two assemblages. A cold-water assemblage consisting of G. bulloides, living at the surface, and G. quinqueloba and G. crassaformis living at a depth of 200-700 meters in the Cariaco Basin, and a warmwater assemblage living in shallow waters offshore, including G. ruber, G. sacculifer, and N. dutertrei (Miro, 1971) .
The results of our sediment trap study show maximum foraminiferal flux in late winter-early spring, with a population dominated by G. bulloides, which is in agreement with the findings of Miro (1971) . Miro (1971) also reported warmest SSTS and minimum foraminiferal production during October. At the sediment trap mooring location, warmest SSTS occurred each year between October-December, with minimum foraminiferal flux just prior to the onset of upwelling in December-January.
According to plankton tow data from Miro (1971) , G. bulloides disappears by summer and returns in February. Between August and December, Miro reported an assemblage dominated by G. ruber. By contrast, our sediment trap results show that all nine species studied are present yearround in Cariaco Basin, with the exception of a few samples from November-December, 1999, when G. bulloides and G. quinqueloba were absent, and the peak abundances of all of these species occur during the spring upwelling (Figure 6) . However, the highest relative abundance of G. ruber (white and pink varieties) occurs between October-January, just prior to upwelling and during a time when G. bulloides contributes least to the total assemblage (Figure 9 ).
The total planktonic foraminiferal flux and assemblage composition varies interannually as well as seasonally. The total annual flux increased slightly from 41,500 shells m Ϫ2 in 1997 to 45,000 shells m Ϫ2 in 1998. In 1999, the total flux was 30% lower than the previous year (31,000 shells m Ϫ2 ). The percentage of the annual flux produced during upwelling (February-May) shows a similar trend varying from 42% (17,600 shells m Ϫ2 ) in 1997 to 52% (23,000 shells m Ϫ2 ) in 1998 and 43% (13,600 shells m Ϫ2 ) in 1999. The 1997-98 ENSO event began in early 1997 and reached maximum strength between February-April 1998. In 1998, the total integrated annual primary production and silica fluxes were low, while both the annual and upwelling planktonic foraminiferal fluxes reached maximum values. The seasonal temperature profiles of the upper 300 meters show a very different thermal structure during 1998 ( Figure  4B ). Stratification of the water column and the development of a strong thermocline following upwelling, which continued throughout the year, resulted in oligotrophic conditions at the surface and an increase in planktonic foraminifera at the expense of diatoms. A similar observation recently was made by Black and others (written communication) in Santa Barbara Basin where they report higher foraminiferal fluxes during the 1997-98 El Niño relative to the previous non-El Niño year.
The assemblage composition also varies interannually. In general, the upwelling assemblage is dominated by coldwater species such as G. bulloides, G. quinqueloba, and G. crassaformis, which contribute between 60-80% to the total upwelling flux. The trend in total annual G. bulloides flux is similar to the total annual planktonic foraminiferal flux. Globigerina bulloides increased from 11,400 shells m Ϫ2 (27% of the total annual assemblage) in 1997 to 14,300 shells m Ϫ2 (32%) in 1998 and decreased to 8900 m Ϫ2 (29%) in 1999. Globigerina quinqueloba was similar with the maximum annual flux and percentages occurring in 1998.
The total annual flux of G. crassaformis decreased steadily over the course of the study from 8544 shells m Ϫ2 (21%) in 1997 to 6754 shells m Ϫ2 (15%) in 1998 to 2255 shells m Ϫ2 (7%) in 1999. Its contribution to the upwelling assemblage also decreased from ϳ18% in 1997 to 14% in 1998 to Ͻ10% in 1999. However, the percentage of the total annual flux of G. crassaformis that was produced during upwelling increased from 38 to 49 to 58% between 1997-99. There was an anomalously high flux of G. glutinata (ϳ5400 shells m Ϫ2 d
) in May of 1997. During this upwelling season, G. glutinata along with G. bulloides, G. quinqueloba, and G. crassaformis account for ϳ88% of the assemblage. In 1998 and 1999, fluxes of G. glutinata during upwelling were much lower and it contributed between 15-30% to the late summer-fall population.
TEMPERATURE ESTIMATES FROM MICROFOSSIL ASSEMBLAGES
Planktonic foraminifera have been used extensively to estimate past SSTS because of their widespread geographical and geological occurrence, their abundance, and their sensitivity to environmental conditions, particularly temperature (Hale and Pflaumann, 1999) . The most commonly used methods based on planktonic foraminiferal assemblages include transfer functions and modern analog techniques. Both rely on the comparison of fossil assemblages with large modern core-top data sets, which are associated with modern SSTS (Hale and Pflaumann, 1999) . Imbrie and Kipp (1971) first determined the empirical relationship between climate and components of the sediment using a multiple regression technique. They examined seafloor sediments to determine the percentage of various species of planktonic foraminifera. The number of species was reduced using factor analysis to a small number of independent end-members (factors). Multiple regression between these faunal factors and the extremes of annual SSTS resulted in a set of transfer functions that could be used to Hutson (1980) and further developed by Prell (1985) and Howard and Prell (1992) . The basic assumption of this method is that the coretop or modern assemblage composition is systematically related to the physical nature of overlying surface waters and that seasonal temperature data are linearly related to ecologically significant aspects of surface waters (Prell, 1985) . Sea surface temperatures are directly estimated from statistical differences between fossil assemblages and reference samples in a modern oceanic database. This method is more direct because it identifies a specific set of samples calculated to be similar to the subject sample. In addition, it can be applied directly to the species percentage data and does not require any factor analysis that may smooth or generalize the data.
To a first degree, the composition of planktonic foraminifer populations on an oceanic scale is closely related to SST patterns (Prell, 1985) . In smaller regions, especially in low latitudes, the relationship of faunal composition and temperature is more complex (Prell, 1985) . Because species show specific depth habitat preferences, vertical hydrographic gradients within the photic zone influence microfossil distribution in tropical sediments (CLIMAP, 1976 (CLIMAP, , 1981 Molfino and others, 1982; others, 1989, Molfino and McIntrye, 1990; Ravelo and others, 1990; Chen, 1994) . For example, in the tropical Pacific the spatial distribution of planktonic foraminiferal species in surface sediment samples is most strongly influenced by the depth of the thermocline relative to the photic zone (Andreasen and Ravelo, 1997) .
In addition, paleotemperature estimates deteriorate toward the warm and cold extremes of the temperature range (Wefer and others, 1999) . At high latitudes, diversity decreases dramatically until only a single species of planktonic foraminifer (N. pachyderma (sin.)) makes up the entire assemblage. At low latitudes, the temperature requirement for tropical species is met and other hydrographic factors such as oxygenation, food availability, upwelling conditions, and thermocline depth become important (Kemleben-von Mucke and Oberhansli, 1999; Wefer and others, 1999) .
February and August SSTS were estimated from Cariaco Basin sediment trap and core top samples using MAT program (Philip Howell, oral communication) and the Brown Foraminiferal Database (Prell, 1985) . This database contains over 1200 seafloor samples from the Atlantic, Indian, and Pacific Oceans, representing a wide range of environmental and preservation conditions in the modern ocean. We used the squared chord distance measure to calculate dissimilarity coefficients. The dissimilarity measure ranges from 0-2.0 with the lowest values indicating the most similarity (or least dissimilarity; Prell, 1985) .
The mean annual abundances of thirty-three species of planktonic foraminifera from the sediment traps, normalized to 100 percent, were calculated for 1997, 1998, and 1999. Sea surface temperatures measured during monthly CTD casts in the Cariaco Basin were compared with temperature estimates derived from applying the MAT to mean annual trap assemblages. Initially, we used a threshold critical value of 0.4 to distinguish analog from no-analog samples (P. Howell, oral communication). However, no modern analogs were identified for 1997 and 1998, so the threshold was increased to 0.8 and these data were run a second time. The results are presented in Table 4 .
The MAT estimated temperatures are within 1-3ЊC of the instrumental record, although the dissimilarity coefficients for 1997 and 1998 range from 0.45 to 0.51 and are beyond the recommended value of 0.4 (P. Howell, oral communication; Andreasen and Ravelo, 1997; Table 4 ). Measured SSTs for February and August, 1998, were 26.18Њ C and 28.47Њ C, respectively (Table 3) . These were 2.5-3.5ЊC warmer than temperatures measured in February and August of 1997 and 1999. Consequently, there was a 2-3ЊC difference between MAT estimated temperatures and CTD data for 1998.
Mean February and August SSTs were calculated using CTD data from 1997-99. These temperatures were compared with mean MAT estimated temperatures from the sediment trap assemblages over the three-year study period. February temperature estimates were within ϳ0.1ЊC of the instrumental record, while August temperature estimates were about 1.4ЊC colder. The MAT was then applied to the planktonic foraminiferal assemblage of a surface sediment sample, MC-2, from the northern rim of the Cariaco Basin. The MAT-estimated February temperature of 23.8ЊC is in good agreement with the mean February CTD temperature of 24.1ЊC. By contrast, the estimated August temperature of 25ЊC is 1.7ЊC colder than the mean CTD temperature of 26.7ЊC for this month (Table 4) .
The surface sediment (MC-2) is dominated by G. bulloides, which makes up over 60% of the assemblage or twice what was recovered in the sediment traps (Table 4 ). In addition, G. crassaformis accounts for Ͻ 2% of the assemblage in MC-2 compared with 7-20% of the annual sedi-ment trap flux (Table 4) . Globorotalia crassaformis has a thick test and is more resistant to dissolution. Consequently, G. crassaformis should make up a greater portion of the surface sediment sample as opposed to the trap samples. Despite these major differences in the composition of the assemblages, the MAT was able to estimate February temperatures within 0.2ЊC and August temperatures within approximately 1.5ЊC.
The colder temperature estimates for August are the result of summer upwelling at the location of the modern analogs. Thirty-nine of the forty core-top analogs are from the Arabian Sea (Table 3 ). This region is characterized by strong seasonal contrasts in the direction and strength of near-surface winds, and SSTs are controlled by this monsoon system (Prell and others, 1990) . During the Northern Hemisphere winter, the winds are from the northeast and relatively low SSTs range from about 23ЊC in the northern Arabian Sea to 28ЊC closer to the equator (Hastenrath and Lamb, 1979; Prell and others, 1990) . A complete reversal of near-surface winds brings the high-velocity southwesterly summer monsoon winds and high wind stress to the western Arabian Sea (Hastenrath and Lamb, 1979) . During August, temperatures below 25ЊC and as low as 22ЊC are found along the coastline of Arabia (Prell and others, 1990; Brock and others, 1992) . The seasonal reversal in atmospheric circulation causes the unexpectedly low summer SST resulting from the upwelled water along the coasts of Arabia and Africa (Prell and others, 1990) .
The Cariaco Basin is a site of intense seasonal upwelling with a high abundance of what are normally considered ''cold-water'' species (e.g.
G. bulloides, G. quinqueloba).
Half of the total annual flux is deposited at this time, so it was expected that the ''annual'' assemblage would be heavily weighted towards the upwelling season; therefore, the MAT results will be biased towards colder temperatures. Prell (1985) found that upwelling in the Arabian Sea resulted in high abundances of subpolar species in low latitudes. As a result, both the transfer function and the MAT tend to underestimate temperatures in low latitude upwelling regions by estimating temperatures that are more characteristic of subpolar regions (Prell, 1985) . Doubling the flux of G. bulloides from 30-60% appears to have little effect on the MAT-estimated temperatures. The same modern core-top analogs were identified for both the trap and sediment surface samples (Table 3) . Because the high abundance of subpolar taxa does not bias MAT temperature estimates towards colder SSTs, MAT is a valuable tool for estimating past SSTs in the Cariaco Basin. In addition, it is possible to use this technique downcore to reconstruct the upwelling history of the basin by examining any changes in dissimilarity coefficients and the location of modern core-top analogs.
The unique characteristics of the Cariaco Basin and the lack of adequate core top data from this region make it difficult to find a modern analog within a reasonable dissimilarity coefficient threshold. However, the MAT has the capability to estimate accurate temperatures for the basin. This is because the MAT is dependent on extensive reference data sets that are calibrated with present-day sea surface temperatures (Wefer and others, 1999) . Thus, improving paleotemperature determinations is dependent on expanding the reference data set (Wefer and others, 1999) . Without this wide distribution representing all environments, some samples may have no legitimate analogs (Prell, 1985) .
CONCLUSIONS
The hydrography and climatology of Cariaco Basin undergoes strong seasonal changes due to the migration of the ITCZ about the equator. This is evident in wind, precipitation, temperature, and salinity data collected during a threeyear study in the basin. Upwelling occurs in the basin during the late winter-early spring and results in increased primary production and biogenic sediment flux. An increase in planktonic foraminiferal flux results from increased food availability during upwelling. Approximately half of the total annual flux is produced during this period (FebruaryMay). Globigerina bulloides is the dominant species comprising 60-80% of the upwelling assemblage and approximately 30% of the annual assemblage.
The total flux and percentage of the population were determined for nine species of plantkonic foraminfera including Orbulina universa, Globigerinoides ruber (pink and white varieties), Globigerina bulloides, Globigerina quinqueloba, Neogloboquadrina dutertrei, Globorotalia crassaformis, Globorotalia menardii, and Globigerinita glutinata. All nine species are present in the basin year-round, although their flux and contribution to the assemblage vary seasonally.
Globigerina bulloides and G. ruber (pink and white varieties) do not necessarily represent seasonal temperature end-members. Although G. bulloides is the dominant species during spring upwelling when SSTs are coldest, it also constitutes a major portion of the assemblage during the late summer-early fall, when temperatures are warmer and foraminifera fluxes lower. Therefore, the abundance of G. bulloides may be related to environmental parameters such as food availability rather than temperature. The highest flux of G. ruber occurs during the late winter-early spring upwelling; however, the highest percentage of G. ruber is between October-January, during a time when the percentage of G. bulloides is lowest.
El Niño-Southern Oscillation dominates interannual variability in the tropics. The 1997-98 event, comparable in magnitude and extent to the 1982-83 El Niño, began in March 1997 and continued through June, 1998. During ENSO, wind velocities were as high as 10 m s
Ϫ1
. The lowest velocities were reached in 1999 following the termination of ENSO. In addition, SST increased steadily between 1997-1999 probably due to the decrease in wind speed. Annual silica fluxes decreased between 1997-1999 while the total foraminiferal flux increased from 1997 to 1998 and then decreased by about 30% in 1999.
Sea surface temperature estimates derived from applying the MAT to the sediment trap planktonic foraminiferal assemblages were within 1-3ЊC of the measured temperatures. However, it was necessary to increase the dissimilarity coefficient threshold above 0.4, reducing the confidence in the results, in order to recover any modern analogs for the 1997 and 1998 sediment trap samples. These samples were initially rejected due to a lack of modern analogs from tropical upwelling regions with a high abundance of ''cold-water '' species (e.g., G. bulloides, G. quinqueloba) .
MAT-estimated temperatures of surface sediment and trap assemblages for February were within ϳ0.2ЊC of the instrumental mean for that month and ϳ1.5ЊC colder during August than the measured temperatures. Although the surface sediment assemblage was made up of 60% G. bulloides, compared with 30% of the annual assemblage for the sediment trap samples, this appears to have had little effect on the MAT-estimated temperatures. The same analogs from the Arabian Ocean were identified for both the trap and sediment surface samples and the similarity appears to be a reflection of the upwelling characteristics of both regions. Therefore, it is possible to use MAT to reconstruct past variations in SST and upwelling of the Cariaco Basin.
